A novel lattice structure for the design of two-port optical interleavers is presented. With the proposed lattice structure, the exact linear-phase characteristics of the two outputs of interleavers are guaranteed. The desired spectral characteristics are achieved with appropriate choices of design parameters through an optimization algorithm. It is shown that the linear-phase characteristics of the proposed interleaver are retained even in the presence of design parameter variations. The simulation results verified the effectiveness of the proposed structure and design scheme. © 2006 Optical Society of America OCIS codes: 060.1810, 060.4230, 130.3120, 230.1150 In recent years, optical interleaving/deinterleaving technology, which is an enabling technology for lowcost implementation of dense wavelength division multiplexing communication systems, 1 has attracted a significant amount of attention. Several interleaver design approaches employing various structures have been proposed.
In recent years, optical interleaving/deinterleaving technology, which is an enabling technology for lowcost implementation of dense wavelength division multiplexing communication systems, 1 has attracted a significant amount of attention. Several interleaver design approaches employing various structures have been proposed. 2, 3 Regardless of the structures, a common limitation of the current optical interleaver design is that the phase characteristics of the interleaver have not been addressed adequately. Hence, postdispersion components such as all-pass filters 4 are usually necessary to eliminate the interleaverinduced dispersion. However, these dispersion components are designed in an approximate sense, and certain group delay ripples still exist after the dispersion compensation.
Recently, an approach to obtaining exact linearphase optical interleavers without using dispersion components was proposed. 5 In this method, two identical optical interleavers are connected in reverse order at one of the ports of the interleavers. Due to the phase conjugation relationship of the two identical interleavers, perfect zero dispersion of the overall output transmission is achieved. However, the practical mismatch between the two interleavers at the central wavelengths and the coupling ratios would greatly degrade the linear-phase performance of the interleaver. An alternative approach is to employ certain loss control in an array waveguide grating used to implement a multiplexer/demultiplexer. Almost zero chromatic dispersion was demonstrated experimentally in Ref. 6 .
In this Letter, we propose a novel lattice structure for the design of a linear-phase two-port interleaver. The proposed structure makes use of asymmetric directional couplers, phase shifters, optical delay lines, and gain/loss components in a lattice configuration. The proposed structure not only ensures the linearphase characteristics of the interleaver but also ensures that the two output spectral transmissions of the interleaver have a phase difference of in frequency but are identical in shape. Hence, the linearphase interleaver design problem is reduced to one of designing only one channel's transmission to meet desirable specifications, including the flat-top passband transmission, high isolation, and low insertion loss. In addition, the proposed structure is less sensitive to fabrication errors, and it is able to maintain better linear-phase characteristics of the interleavers than the existing method. 5 Simulation studies are carried out to verify the effectiveness of the proposed design scheme.
The proposed lattice structure shown in Fig. 1 consists of 2N + 2 asymmetric directional couplers, N pieces of 2⌬L time-delay lines, one piece of ⌬L timedelay line, 2N phase shifters, and 2N gain/loss optical components. As shown from the left to the right of Fig. 1 , the structure starts with element S 0 , which has one 2 ϫ 2 asymmetric 3 dB directional coupler with the scattering transfer matrix 7 given as (1 1; 1 −1). Subsequently, a number of similar elemental structures denoted S k ͑k =1, ... , N͒ are connected in series to form a lattice filter, where each element structure consists of two asymmetric 3 dB directional couplers, k1 and k2 ; two phase shifters, k1 and k2 ; and two gain/loss components with respective gains of ͑1+␣ k ͒ / 2 and ͑1−␣ k ͒ / 2, where ␣ k is a constant real value. In each element structure, the gain or loss control of the optical differential arms can be implemented by using pump-driven gain in a waveguide doped with rare-earth elements. 8 Gain control can also be realized with semiconductor or Raman-type optical amplifiers, 9 and loss control can also be achieved by use of attenuators made from absorptive materials or one of many other waveguide variable attenuators described in Ref. 10 . To achieve negative gain of ͑1±␣ k ͒ / 2, phase shifters k1 and k2 are added in the optical arms. For example, if design parameter ␣ k ജ 1, a k2 = phase shift can be added to achieve ͑1−␣ k ͒ /2=exp͑j k2 ͉͒͑␣ k −1͒ /2͉, where the item within the absolute symbol on the right-hand side of the equation can be achieved with gain/loss control. At the end of the lattice filter, element SЈ is connected. It is made from one 2 ϫ 2 asymmetric 3 dB directional coupler and one unit time-delay line.
To derive the transmission of the interleaver with the proposed structure, we denote the time delay of 2⌬ as z −2 , where z −1 = exp͑−jw⌬͒, with w being the optical angular frequency and ⌬ the unit time delay relating to delay line ⌬L. We also denote the input and output light fields at the mth port ͑m =1,2͒ 
where M is the filter length of H 1 ͑z͒ and H 2 ͑z͒. Applying Eq. (1) to Eqs. (2) and (3), we can easily verify that the linear-phase conditions of H 1 ͑z͒ and H 2 ͑z͒ are satisfied automatically. Therefore, the proposed structure ensures that the two channels of linearphase responses are characterized by H 1 ͑z͒ and H 2 ͑z͒. Second, it can also be verified from Eq. (1) that H 1 ͑z͒ and H 2 ͑z͒ satisfy the following relationship:
Equation (4) implies that the two power spectra of ͉H 1 ͑z͉͒ 2 and ͉H 2 ͑z͉͒ 2 have a phase difference of in frequency but are identical in shape. Thus, the two channels of transmission are nicely phase shifted. The problem of designing the two-port optical interleaver has thus been converted to one of designing just one channel of transmission, for example, ͉H 1 ͑z͉͒ 2 , to have the desired spectral responses, such as ensuring that the passbands/stopbands of ͉H 1 ͑z͉͒ 2 are as well isolated as possible to give good channel isolation and are as flat as possible to reduce power variations resulting from channel wavelength shifts.
As a design example, the lattice structure is used to design two linear-phase optical interleavers with N = 5 and N = 11 lattice stages. These correspond to filter lengths of M = 12 and M = 24, respectively, for both H 1 ͑z͒ and H 2 ͑z͒. In the design, the passband and stopband bandwidths of the two designs are both selected as 35% of one period. Without loss of generality, we normalize the desired transmissions with a unity maximum output power. This can be done by adding two scale factors, 1 and 2 , to the gain/loss control. Then, the interleaver is designed to optimize the transmission to unity within the passband/ stopband in a least-square sense. The design parameters can be solved by using Matlab Optimization Toolbox. For example, they are ␣ 1 = 3.42124, ␣ 2 = 1.96005, ␣ 3 = −16.31030, ␣ 4 = −1.11899, and ␣ 5 = −4.26063 for N = 5. The spectral responses of the two designed interleavers are shown in Fig. 2(a) , and the linear-phase responses of the interleaver with N = 5 are exhibited in Fig. 2(b) . Note that the jumps in the phase response of Fig. 2(b) arise from the difference in multiples of due to the existence of zeros in the stopband. It can be seen in Fig. 2(a) that both interleavers can deliver flat-top passbands with high channel isolation. The one with higher lattice stages has increased channel isolation (from 35 dB for N = 5 to 70 dB for N = 11), reduced passband ripples, and faster roll-off in the transition band.
Simulation studies are also conducted to verify the robustness of the linear-phase characteristics of the designed interleaver against design parameter variations. In the simulation, the design parameters including the gain/loss components and the coupling ratios of those fiber couplers were varied simultaneously within 2% tolerant ranges around their design values. We compare the proposed lattice interleaver with N = 5 against that designed with the existing method. 5 The two linear-phase interleavers are designed with the same spectral response. It is shown by simulation studies that both interleavers exhibit similar spectral performance in the presence of parameter variations. However, the proposed lat- tice interleaver has a lower chromatic dispersion variation (from −50 to 50 ps/ nm) within the passband compared with that of the existing method 5 (from −300 to 300 ps/ nm), as shown in Figs. 3(a) and  3(b) , respectively. Clearly, the proposed method has much-improved linear-phase performance while maintaining the spectral performance of the interleaver.
In summary, we have presented a lattice structure for the implementation of a linear-phase two-port optical interleaver. The proposed structure is a combination of asymmetric directional couplers, optical delay lines, phase shifters, and gain/loss control components. This structure can, in principle, be implemented through the use of any available fiber, waveguide, or integrated optics technologies. It is promising and powerful in that it can be used in many potential real-time applications with further exploration. For example, it is applicable to the design of linear-phase optical spectrum equalizers, bandpass and notch filters, and add/drop multiplexers for use in optical communications. 
